Strategies to limit complement deposition on Streptococcus pneumoniae are established as virulence features for invasive disease, but their role in respiratory tract infection requires further analysis. We evaluated complement C3 protein deposition on discordant S. pneumoniae isolates of the same serotype (6A) and their capacity to cause nasopharyngeal (NP) colonization and experimental otitis media (EOM) in an animal model. We compared C3 binding to five 6A isolates from asymptomatic NP carriers with five 6A strains that caused invasive disease, and we observed less C3 (ϳ10-fold less fluorescence) binding to invasive isolates. We selected two high-level C3-binding carriage and two low-level C3-binding invasive 6A isolates for further study. In the EOM model, 11/12 (92%) ears challenged with a low-level C3-binding 6A strain became infected. Only 2/8 (25%) ears challenged with the discordant high-level C3-binding 6A isolate developed disease (P ‫؍‬ 0.005). Results with the second discordant 6A isolate pair were comparable. Cobra venom factor (CoVF) treatment, which depletes C3 and consumes complement, restored virulence of the high-level C3-binding strain; 8/8 (100%) ears in CoVF-treated animals developed EOM compared to only 25% of ears in naïve animals (P ‫؍‬ 0.007). These studies demonstrate the critical role for complement evasion in pneumococcal EOM. Colonization with carriage isolates that bound high levels of C3 caused EOM in fewer animals compared to low-level C3-binding invasive strains. Thus, limiting C3 deposition on the surface of S. pneumoniae correlates with increased incidence of EOM following NP colonization and barotrauma in the animal model.
The pathogenesis of Streptococcus pneumoniae infection involves initial colonization of the nasopharynx, followed by its spreading to the middle ear, sinus, or lower respiratory tract and, in some cases, invasion of the bloodstream. To successfully cause disease, the pneumococcus has evolved a number of mechanisms to avert complement-mediated opsonization and phagocytosis. Pneumococci possess a broad variety of specialized surface proteins, some of which are adapted to interact with host defenses during colonization or dissemination in humans. Being a gram-positive bacterium, it is resistant to the bactericidal activity of complement (24) because its rigid cell wall prevents lysis by the membrane attack complex. The capsular polysaccharide is critical for resistance to complement deposition (32) and may also mask cell wall-associated complement from being recognized by the complement receptors on phagocytes (6) . Additionally, select surface proteins can degrade native C3 proteins, thereby preventing or diminishing binding of C3b and iC3b to the bacterial surface, which are necessary components for opsonization (3) . Furthermore, an important role for complement is suggested by the association of increased risk for invasive infections in individuals (or animal models) with deficiencies of complement proteins such as C2 and C3 and of complement receptors such as CR3 (2, 16) . Type-specific antibody formation is an important host defense mechanism against infections caused by S. pneumoniae. However, the efficacy of opsonization of pneumococci by either immunoglobulin M (IgM) or IgG is related to their ability to enhance complement deposition on the bacterial surface, thus making complement essential for recovery from pneumococcal disease (6, 9) .
Colonization of mucosal surfaces is often the first step in the development of disease. Studies of S. pneumoniae support recent acquisition as the critical event preceding the development of pneumococcal otitis media. S. pneumoniae has evolved specific characteristics that are critical in dictating initial success for establishing colonization within a competitive niche of the mucosal surface of the nasopharynx. Often the success of an organism in establishing carriage depends on its ability to resist innate clearance mechanisms generated in the setting of polymicrobial stimulation. Lysenko and colleagues have demonstrated that complement and polymorphonuclear leukocytes are necessary host defenses for the elimination of S. pneumoniae from the nasopharynx in the presence of nontypeable Haemophilus influenzae (NTHi) (29) .
Prior work from our laboratory demonstrated that complement was an important host defense mechanism against protection of the middle ear from infection with NTHi (15) . We hypothesized that complement would also be relevant for protection against S. pneumoniae respiratory tract infection (RTI). We evaluated the role of complement by comparing the capacities of four isolates of S. pneumoniae, all belonging to serotype 6A but differing in their abilities to bind complement to their surface to cause otitis media following nasopharyngeal (NP) colonization. Our goal was to determine whether evasion of complement deposition was an important virulence feature in the pathogenesis of RTI, using a model for experimental otitis media (EOM). The model requires initial NP colonization followed by ascension through the Eustachian tube after barotrauma for establishing middle ear infection.
MATERIALS AND METHODS
Bacterial isolates and growth conditions. S. pneumoniae serotype 6A strains that were isolated from patients with either invasive pneumococcal disease (n ϭ 5) or asymptomatic NP carriage (n ϭ 5) were used for C3 binding studies. Four of these 6A strains (nasopharynx and invasive) were selected for further animal studies. Colony morphology and optochin sensitivity were used to initially identify bacteria as S. pneumoniae. Serotyping was performed using quellung reaction with Danish antisera (Statens Seruminstitute, Copehagen, Denmark). Additional confirmation of the serotype was confirmed by Moon Nahm's laboratory by inhibition enzyme-linked immunosorbent assay (ELISA) using monoclonal antibodies (MAbs) Hyp6AG1 and Hyp6AM3 that specifically reacted with the 6A capsule (34) . S. pneumoniae isolates were grown for 15 h overnight on blood agar in 5% CO 2 at 37°C, followed by subculture in brain heart infusion (BHI) broth supplemented with 10 g/ml hemin and 2 g/ml NAD, and grown at 37°C to mid-log phase in a shaking water bath.
Sera and complement reagents. Immune serum was obtained from two healthy volunteers 4 weeks after vaccination with the 23-valent pneumococcal polysaccharide vaccine (includes serotype 6A capsular polysaccharide). Human complement was purchased from Sigma Chemical Co. (St. Louis, MO). In some experiments, the alternative pathway was selectively activated by adding EGTA and Mg 2ϩ to serum, both to a final concentration of 10 mM (35) . Heat inactivation of human complement (56°C for 30 min) was used as a control in some experiments.
Antibodies. MAbs directed against serotype 6A pneumococcal polysaccharides were obtained as a courtesy from Wyeth Research Division (Wyeth Pharmaceuticals Inc., Pearl River, NY). Fluorescein isothiocyanate (FITC)-conjugated sheep anti-human C3c and anti-human C4 (Biodesign) were used in flow cytometry assays as described previously (39, 40) . Anti-goat IgG, anti-human IgG, and anti-mouse IgG conjugated to FITC (Sigma) were used as secondary antibodies.
Multilocus sequence typing. The genotypes of the pneumococcal strains used in this study were analyzed by multilocus sequence typing (MLST) (13) . MLST of the NP strains was performed at the Imperial College London, whereas the invasive strains were first sequenced and MSLT was performed using web-based software (http://www.mlst.net/).
Colony morphology. Bacteria grown overnight in BHI broth supplemented with 10 g/ml hemin and 2 g/ml NAD at 31°C were reinoculated into fresh media the next day and grown to the mid-log phase. Bacteria were inoculated onto tryptic soy agar plates (Remel), each containing 100 l (3,000 U) of catalase (Worthington Biochemical Co., Freehold, NJ) (48) . The strains were grown in a candle extinction jar. Colony morphology was assessed with a stereo-zoom microscope (magnification of ϫ67.5) with a halogen illuminator and adjustable angle mirror, and an attached Canon camera was used to record colony morphology.
Evaluation of complement and antibody deposition on surface of S. pneumoniae. Flow cytometry was utilized to quantitate C3 and IgG binding to the surface of pneumococci, as described previously (39, 40) . Briefly, 2 ϫ 10 8 bacteria were washed twice in Hanks' balanced salt solution (HBSS; Cambrex, Inc.) containing 2% bovine serum albumin (Sigma). Bacteria were then incubated with antibody, followed by the addition of complement. Controls included bacteria incubated with complement alone (no antibody added). In some experiments, the role of alternative pathway-mediated C3 deposition was evaluated using serum that was treated with Mg 2ϩ and EGTA (35) . MAb directed against serotype 6A pneumococcal polysaccharide (stock solution of a concentration of 24.3 mg/ml) was added to a final concentration of 0.5%. Human complement was added to a final concentration of 5%. The final volume of the reaction mixture in every instance was 500 l. C3 fragments bound to the bacterial surface were detected using anti-human C3c-FITC (Biodesign, Saco, ME) as described previously (15) . The amount of MAb or immune human IgG bound to bacteria was detected using anti-mouse IgG-FITC or anti-human IgG-FITC (both from Sigma).
EOM model. An experimental chinchilla model of acute otitis media was used (4). All procedures and manipulations were performed using sedation analgesia with a mixture of ketamine and xylazine given intramuscularly in accordance with approved IACUC protocols at Boston University Medical Center (5). Baseline plasma samples were obtained through the cephalic sinus 24 h prior to bacterial inoculation. Isolates of S. pneumoniae grown to the mid-log phase were diluted in HBSS, and approximately 10 7 CFU in 100 l was introduced into each nare.
Forty-eight hours after intranasal bacterial inoculation, barotrauma was created by withdrawing 250 l of air from the middle ear through the superior bullae of both ears, which promotes ascension of bacteria into the middle ear. Daily tympanometry and otomicroscopy were performed to determine the presence of fluid behind the tympanic membrane and signs of infection including bulging tympanic membrane and erythema. Once abnormality was identified, the middle ear cavity was accessed 48 to 72 h later as described previously (4) . A direct culture of middle ear was obtained with a calcium alginate swab and immediately streaked onto a blood agar plate. Middle ear fluid (MEF) was obtained with a 22-gauge angiocatheter connected to an empty tuberculin syringe, 10 l of MEF was diluted 1:10 in HBSS, and three serial 10-fold dilutions were prepared. One hundred microliters of each dilution was plated onto blood agar. The lower limit of detection of viable organisms in MEF using this dilution series was 100 CFU/ml (5). If MEF was absent, the middle ear was flushed with 0.25 ml HBSS, and the contents were sampled, as described above. Direct and indirect ear examination was performed every 3 to 4 days until the middle-ear cultures were sterile on two consecutive samples. In subsequent experiments, animals were randomly assigned to receive either one dose of cobra venom factor (CoVF) (CompTech, Tyler, TX) at a dose of 300 g/kg of body weight administered intraperitoneally 24 h prior to barotrauma to deplete complement or sterile normal saline (control animals). Serial plasma samples were obtained to confirm the extent and duration of C3 depletion. CoVF-treated and control animals were challenged as described above, using NP colonization followed by barotraumas to induce EOM. Western blotting to monitor C3 depletion in CoVF-treated chinchillas. Plasma samples from chinchillas were immediately diluted 1:100 in phosphate-buffered saline containing 10 mM EDTA to prevent C3 activation and degradation ex vivo. Following the addition of 4ϫ NuPAGE LDS sample buffer (Invitrogen) containing 10% 2-mercaptoethanol, proteins were separated on a NuPAGE 4 to 12% bis-Tris gel (Invitrogen) with MOPS (morpholinepropanesulfonic acid) running buffer and transferred to an Immobilon polyvinylidene difluoride membrane (Millipore, Bedford, MA). Chinchilla C3 was detected using goat anti-rat C3 antibody (MP Biomedicals), followed by anti-goat IgG-alkaline phosphatase, both at a dilution of 1:1,000 in phosphate-buffered saline-0.05% Tween 20, as described previously (15) .
Capsule quantification. Capsule quantification, both that on intact bacteria and that released into culture supernatants during growth in liquid media, was performed by an inhibition ELISA using MAb (Hyp6AG1) against 6A polysaccharide and purified serotype 6A capsular polysaccharide (51) . In brief, bacteria are grown in 50 ml Todd-Hewitt broth supplemented with 1% (wt/vol) yeast extract and centrifuged, and bacterial pellets are lysed using lysing buffer (0.2% sodium deoxycholate, 0.02% sodium dodecyl sulfate, 0.1% sodium azide, and 0.3 M sodium citrate [pH 7.8]) as previously described (51) . Bacterial culture supernatants were also collected for capsular polysaccharide measurements. Purified 6A polysaccharide (100 ng/well) is used to coat ELISA plates, and Hyp6AG1 antibody culture supernatant is used at a 1:200 dilution. Both bacterial cell lysate and culture supernatant are used as inhibitors. Substrate (nitrophenyl phosphate) reaction is stopped after incubation for 80 min. The optical density value is read at a 405-nm wavelength, and then the final concentration of capsular polysaccharide was compared to the 6A polysaccharide standard titration curve (web-based software from http://www.imtech.res.in/raghava/abag/).
Statistical analysis. Fisher's exact test was used to calculate statistical significance for the differences in the proportions of culture-positive middle ears in animals challenged with high-and low-level C3-binding 6A strains and animals treated with CoVF compared with untreated animals.
RESULTS
Discordant complement binding to carriage versus invasive 6A isolates. We evaluated C3 binding to five carriage and five invasive 6A isolates. Interestingly, there was good correlation between the amount of C3 binding and the site of isolation of the 6A isolates. The mean geometric C3-binding fluorescence of the five NP strains was 301 (range, 250 to 475) via flow cytometry. For invasive strains, the mean geometric fluorescence was 24 (range, 14 to 40). Control experiments performed with heat-inactivated complement showed minimal (fluorescence, Ͻ10) C3 binding (data not shown). Thus, the carriage strains bound large amounts of C3, while invasive isolates bound small amounts of C3. Characteristics of the four strains used for further studies in the animal model are shown in Table 1 . All the isolates used in this study were genotypically heterogeneous. Histograms of C3 binding to a representative carriage isolate and an invasive isolate that were incubated with human complement are shown in Fig. 1A . The addition of a specific MAb against serotype 6A capsular polysaccharide to the human complement resulted in markedly increased C3 binding to the invasive strain to levels that approached the levels of binding seen with the carriage strain (Fig. 1B) . In contrast, there was no augmentation in the amount of C3 that bound to the carriage strain that bound high levels of C3 even without the addition of a specific MAb. To determine the contribution of the alternative pathway to the high level of C3 deposition on the carriage strain, we incubated bacteria with Mg-EGTA-treated human serum (blocks classical and lectin pathways). We noted an ϳ2 log 10 decrease in C3 binding to the carriage strain, and C3-binding levels were now comparable to those seen with the invasive strain (Fig. 1C) , suggesting that the alternative pathway alone was not responsible for highlevel C3 binding to the carriage strains. Finally, we sought to determine whether the enhancement of C3 binding to the invasive isolate mediated by the anticapsular MAb required the classical pathway. Bacteria were incubated with MAb and Mg-EGTA-treated human complement. The majority of bacteria did not show any increase in C3 binding over baseline levels; only a small population of bacteria showed increased C3 binding (Fig. 1D) . These results contrasted with the marked increase in C3 binding to the entire bacterial population seen when all complement pathways were intact (Fig. 1B) . We measured binding of IgG in the human complement source to exclude the possibility that differences in C3 binding between the invasive and carriage isolates were because of differences in antibody binding. As seen in Fig. 2 , both strains showed similar levels of human IgG (left graph) and anti-6A MAb (right graph) binding. We tested two additional carriage isolates and an invasive isolate by using these assay conditions and noted similar results (data not shown). Lower levels of C3 binding to the invasive isolate despite Ig-binding levels similar to those of carriage isolates suggest that invasive isolates possess a mechanism(s) to subvert complement activation. The two strains used for experiments in Fig. 1 and Fig. 2 and another carriage isolate and invasive isolate (all listed in Table 1 ) were selected for subsequent in vivo studies.
NP colonization by S. pneumoniae appears independent of surface binding of C3. We evaluated the role of C3 deposition on NP colonization by measuring the density of colonization following intranasal challenge with either the high-or low-level C3-binding 6A isolate. No significant difference in NP colonization between discordant C3-binding S. pneumoniae serotype 6A isolates was observed following bilateral inoculation with ϳ10 7 CFU/100 l per nare. NP lavage at 24 h following challenge identified a mean concentration of 10 4 CFU/ml in all four groups of animals. By day 4, the density of NP colonization increased to 10 6 to 10 7 CFU/ml in both groups; no differ- (92%) ears challenged with the low-level C3-binding 6A strain developed culture-positive EOM by day 11, and four of six (66%) of these animals developed bacteremia. One animal was euthanized prior to obtaining MEF from one side due to the presence of bacteremia. Only two of eight (25%) ears challenged with the high-level C3-binding 6A strain developed culture-positive EOM by day 8 (P ϭ 0.005) (Fig. 3) , and none developed bacteremia (P ϭ 0.076). In animals challenged with the high-level C3-binding S. pneumoniae serotype 6A isolate, six ears from three animals were culture negative on days 4 and 8 following barotrauma and were not opened again. In addition to the difference in incidence of culture-positive EOM, middle ear disease due to the high-level C3-binding 6A strain was characterized by lowdensity infection (10 2 to 10 3 CFU/ml) (data not shown) compared to 10 5 to 10 6 CFU/ml in animals challenged with the low-level C3-binding isolate.
In the second group, 10/10 (100%) ears challenged with the second low-level C3-binding 6A strain developed culture-positive EOM by day 8, and 1/4 (25%) of these animals developed bacteremia. Only 3/10 (30%) ears challenged with the second high-level C3-binding strain developed disease by day 8 (P ϭ 0.003) (Fig. 3B) , and none of the animals developed bacteremia. Thus, limited C3 deposition on the surface of S. pneumoniae correlates with increased capacity to cause EOM. Complement depletion renders high-level C3-binding S. pneumoniae serotype 6A virulent. We next examined whether complement depletion permitted a high-level C3-binding isolate to cause EOM. Complement depletion was confirmed by Western blotting (see Fig. S1 in the supplemental material). We challenged CoVF-treated animals and normal animals with a 6A carriage isolate and monitored animals for the development of EOM. One-hundred percent (8/8 ears) of animals pretreated with CoVF developed culture-positive EOM compared to only 25% of untreated control animals (P ϭ 0.007) (Fig. 4) . The density of middle ear infection caused by high-level C3-binding S. pneumoniae in CoVF-treated animals was comparable to that seen with the low-level C3-binding strain in untreated animals (10 6 to 10 7 CFU/ml). These data suggest that complement is an essential arm of innate immune defenses against S. pneumoniae in the middle ear.
Colony morphology. No variation in the appearance of colonies derived from four isolates was noted (see Fig. S2 in the supplemental material). All the strains appeared transparent when visualized under a stereo-zoom microscope with oblique, indirect illumination. The typical colony was small, more transparent in the center, umbilicated, and as previously described, had a bulls-eye appearance (48). Capsule quantification. Both the invasive and carriage strains expressed similar amounts of bacterium-bound capsular polysaccharide (see Fig. S3A in the supplemental material) . Furthermore, the amounts of capsule found in culture supernatants of the two strains were similar (see Fig. S3B in the supplemental material). Together, these data suggest that the amount of capsule associated with the surfaces of the carriage and invasive strains that we have tested and the total amount of capsule synthesized by these two strains are similar.
DISCUSSION
Specific attributes that enable pneumococci to breach host epithelial and tissue barriers during the progression from colonization to invasive infection are not fully characterized. Pneumococcal isolates display phase variation manifested by two distinct morphologies that can be distinguished by their opaque or transparent colony appearance that is related to the quantity of polysaccharide capsule produced (48) . During the initial stages of colonization, transparent pneumococci that express less capsule and possess other characteristics which promote binding to mucosal surfaces prevail over opaque variants (48, 49) . When present at the mucosal surface, the expression of a thick capsule appears to be disadvantageous for the pneumococcus, likely due to its inhibitory effect on adherence (23, 32) . In both mouse models and in humans, opaque variants that express increased amounts of capsular polysaccharide and are more resistant to opsonophagocytic killing are selected for during the transition from colonization of the mucosal surface to invasion of the bloodstream (25, 49) . A correlation between increased amounts of capsular polysaccharide and greater virulence in mice has been described (30) . Conceptually, larger amounts of capsule protect the organism from the deposition of complement and phagocytosis by polymorphonuclear white blood cells. More recent data suggest that the capsule can restrict the total amount of complement that is deposited on the bacterial surface (1, 32) .
Interestingly, all strains used in this study had a transparent morphology and expressed similar levels of capsular polysaccharide in vitro, and yet the invasive isolates showed markedly lower levels of C3 binding than did carriage strains, suggesting an important role for bacterial factors other than capsule in inhibiting C3 deposition. Differences in C3 binding were primarily mediated by the ability of the invasive isolates to inhibit the classical pathway. The reason for differences in classical pathway activation is not clear and merits further study, but it is not because of differences in antibody binding (Fig. 2) . The alternative pathway can amplify the amount of C3 initially deposited on the organism. The alternative pathway is inhibited by factor H, and previous studies have shown that pneumococci can bind to factor H (28, (36) (37) (38) . Both carriage and invasive strains bound similar amounts of the alternative pathway inhibitor factor H (data not shown), thus making it unlikely that differences in regulation of the alternative pathway positive feedback loop accounted for differences in C3 binding.
Our studies describe differences in complement deposition among four isolates of S. pneumoniae serotype 6A and show an inverse correlation between C3 surface binding and virulence in a model of EOM that requires bacteria to ascend from the nasopharynx to the middle ear. Our findings confirm a critical role for complement as part of the host defense against pneumococcal middle ear infection. We have previously demonstrated the critical role of complement for defense of the middle ear when challenged with NTHi (15) . Animals with an intact complement system that were inoculated with S. pneumoniae serotype 6A strains permissive for a large amount of C3 surface deposition develop culture-positive middle ear disease significantly less often than those challenged with S. pneumoniae serotype 6A strains that have the capacity to restrict complement C3 deposition on their surfaces. In addition, the two strains that bind high quantities of C3 do not produce bloodstream infection, in contrast with the low-level C3-binding invasive 6A strains. Complement depletion with CoVF enables the otherwise less-virulent high-level C3-binding isolate to establish disease with rates and densities similar to those seen with the low-level C3-binding strain. Thus, evasion of complement deposition is necessary for development of both EOM and bacteremia in the chinchilla model.
The colonization of mucosal surfaces is most often the first event in the development of either mucosal or invasive pneumococcal disease (14, 18) . The rate of S. pneumoniae clearance from the nasopharynx was not affected in C3 knockout mice (46). These findings suggest that complement may not play a major role in the clearance of NP colonization and are consistent with our observations, which show that all animals became colonized with similar densities after NP challenge.
Even though type-specific antibody formation is an important host defense mechanism against infections caused by S. pneumoniae, effective opsonization of pneumococci by either IgM or IgG requires host complement deposition on the bacterial surface, making complement essential for recovery from pneumococcal disease (9, 27) . Hostetter demonstrated that strains with different capsular types differ in the amounts and sites of bound C3b, as well as of the C3b degradation products, potentially affecting opsonophagocytosis (20) . The polysaccharide capsule is the most important virulence factor of pneumococci because it protects the bacteria from phagocytosis (47) . Reduced expression of capsule presumably results in greater access of antibodies and complement to the pneumococcal surface (31, 32) and, hence, increased clearance by the immune system. Differences in virulence may be related to the ability of the specific capsular polysaccharide structure to block the accessibility of antibodies and complement to surface components or to mask cell wall-bound C3b from recognition by phagocytic receptors (7, 8, 17, 50) . We quantified the amount of capsular polysaccharide in the high-and low-level C3-binding 6A strains using an inhibition type ELISA and found no differences. Thus, differences in C3 binding among the 6A isolates in this study were not attributable to differences in the amounts of capsular polysaccharide expression. Our data suggest that subcapsular components also play a critical role in modulating complement activation.
Complement deposition is the result of a complex series of events that is regulated by surface proteins in addition to the polysaccharide capsule. Binding of the alternative pathway inhibitor factor H to PspC (10, 11, 21, 22, 36) , cleavage of the C3 ␣ chain by PhpA (19, 53) , and decreased C3 binding as a result of PspA expression (26, 41-43, 45, 52) (19) . Further studies will be necessary to determine what, if any, role variations in the above-mentioned surface proteins play in complement regulation. The central role for complement in defense against pneumococcal disease in humans is illustrated by clinical observations that deficiencies of either antibodies or components of the complement pathway that lead to decreased C3 binding to bacteria and/or affect opsonophagocytic killing of the bacteria lead to an increased risk of disease, often with a higher mortality rate (2, 12, 16, 19, 33, 44) . The observed increase in invasive pneumococcal disease in individuals with a spectrum of complement deficiencies is consistent with our finding of the ability of strains that limit C3 deposition on their surfaces to more readily cause EOM (and, in some instances, bacteremia). Further identification of the mechanisms of complement evasion is needed to better understand disease pathogenesis. Variations in surface proteins known to modulate complement activation could explain differences in the amounts of C3 binding among the invasive and carriage isolates. Further investigation of bacterial factors that decrease C3 binding may shed light on differences in the pathogenic potentials of carriage and invasive strains.
